LINEAR AND NON-LINEAR STATE ESTIMATION
The state estimator is the key application in the energy management system (EMS). The performance of the advanced applications is highly dependent on the state estimator robustness and the quality of the state estimator result. The SE uses real-time analog and status telemetry in order to calculate an estimate of system voltages and MW and MVar power flows in the entire power network. Since inexact measurements -such as those from a SCADA system -are used to calculate the complex voltages, the estimate will also be inexact. This introduces the problem of how to devise a "best" estimate for the voltages given the available measurements. A common choice for the objective function is the weighted sum of the measurement residual squares, which leads to the well known weighted least squares (WLS) state estimation solution. The classical WLS is a non-linear state estimator based upon non-synchronized measurements. This method is briefly described in chapter 2.1. Incorporating phasor measurements to an state estimator, if enough PMUs exist to make the entire system observable based exclusively on PMU measurements, then the state estimation problem can be formulated in a slightly simpler manner, and it becomes a linear problem. This type of estimation is described in chapter 2.2.
Weighted Least Squares Method
The weighted least squares method of power system state estimation has gained most popularity among commercial state estimators. In the traditional static SE, SCADA measurements errors are independent and assumed to yield the normal distribution with zero mean and σ 2 variance. Then, the mathematical relations between the measurement vector z of m dimensions and the state variable vector x of n dimensions are described as measurement equations:
where, z denotes the SCADA measurement vector which comprises voltage magnitude, active and reactive power flows and injections; x denotes the state variable vector which comprises the voltage magnitudes and phase angles of all buses (excepted the slack bus whose phase angle is zero); h(x) is the non-linear vector measurement function, and v is the measurement error vector. The objective function of WLS SE is the sums of the squares of the weighted residuals:
where, R -1 is the weight matrix which is a diagonal matrix and the diagonal entry R i -1 is1/σi 2 . The linearized correction equation of measurements using Taylor expansion is:
z H x Δ = Δ [3] where, H is the Jacobian matrix of m x n dimensions. To minimize the objective function, the derivation of J(x) should equal to zero, which deduces the WLS iterative formula:
where, H T R -1 H is called the gain matrix or information matrix of n×n dimensions. And the diagonal entries of its inverse matrix which is also the estimation error covariance matrix can be used to assess the precision of SE. For the active and reactive power flow and injection measurements, its linearized correction equation is:
For the injection measurements, the Jacobian matrix is very similar to it of the power flow calculations, and its structure is same to the structure of node admittance matrix. For the active and reactive power flow measurements, the structures of four Jacobian sub-matrix matrixes are same with the structure of node-branch incidence matrix. For the voltage magnitude measurements, its linearized correction equation is expressed as:
If bus i is equipped with voltage magnitude measurement device, the non-zero entry of the relative row in sub-matrix only appears in column i.
State estimation using phasor measurements
Observability is defined as the ability to uniquely estimate the states of a power system using given measurements. Observability analysis is required to decide meter placement in order to maintain solvability of the observation equations in various conditions. Implementation of PMU presents an opportunity for improving observability analysis and state estimation. If enough PMUs exist to make the entire system observable based exclusively on PMU measurements, then the state estimation is defined as a linear phasor state estimation model. Although, full observability based only on PMU measurements appears very impractical today, it may very well be the case in a few years when these devices become standard equipment at substations. In the case of state estimation only with PMU measurements, the relation between the measured phasors and the system states will become linear yielding the following measurement model:
z H x v = ⋅ + [7] Where, z is the measurement vector containing the real and imaginary parts of the measured voltage and current phasors, H is the measurement Jacobian which is constant and a function of the network model parameters only, x is the state vector containing the real and imaginary parts of bus voltage phasors and v is the measurement error vector. This measurement model will lead to a linear state estimator, which will be given by the following equation:
where, x is the estimated system state,
⋅ H is the constant gain matrix and R= E{v ⋅ v T ) : is the diagonal error covariance matrix.
DEVELOPED HYBRID STATE ESTIMATION MODEL
In this paper, a new method of hybrid non-linear state estimation with PMU and SCADA measurements is proposed. PMU measurements, the voltage and current phasors, are used for on-line transmission line parameters (impedance and admittance) calculation. Transmission line parameters are input data for the traditional state estimator. Calculated parameters of the transmission lines based on the real time PMU measurements are compared with the measured impedance and admittance. By observation it is concluded that transmission line parameters can vary 10% of rated values given by vendor (temperature of 20°C) during period of one year.
Line impedance modeling
The load being assumed to be equally balanced over the three phases, the characteristic of a branch may be described by a single phase equivalent circuit (Figure 1) .
Giving: • A series admittance Yij, that is the series conductance G ij and series susceptance B ij of the electrical conductor between two terminal nodes i and j:
• The shunt admittance, composed of the capacitive reactance B 0i and B 0j and an insulation admittance G 0i and G 0j between the conductor and the ground.The shunt admittance, normally distributed along the line or the cable, is in the equivalent representation cumulated and divided into two parts located at the two terminal nodes:
• The expressions for currents can be written in the following manner:
Adding the expressions [11] and [12] gives the following equation for Yij:
The voltage along the line is determined based upon the current/voltage relationships at the terminals.
Assuming that voltage and current at one end are known, and knowing the transmission line modelling with distributed parameters used in power system analysis, the series impedance and the shunt admittance in the iteration process can be defined as:
Where Z ij * and Y 0 * are the series impedance and shunt admittance calculated in the previous iteration, and θ is the propagation constant defined as:
Combining equations [14] , [15] and [16] the following equations for the series impedance and shunt admittance can be derived:
The series impedance and shunt admittance are calculated with iterative methods.
Simulation model
The simulation results were carried out on the 400kV Croatian power system. Simulation was made possible by implementation of 5 PMUs and restoration of wide area monitoring (WAM) system in Croatian power system. Those PMUs were implemented during the reconnection processreintegration of the 1 st and 2 nd UCTE synchronous zone. Five PMUs -ABB RES 521, were installed in five significant 400 kV substations in order to record frequency and positive sequence phasor quantities such as 400-kV node voltages and currents in outgoing 400 kV transmission lines. Firstly, the main purpose of these PMU units was to contribute in optimization of energy transit without violating the voltage instability risk and to get experience of the phasor measurement technology applied to existing monitoring system in the Croatian power system. At the present, there are several projects for developing algorithms and software support for wide area control and protection of the Croatian power system. One of them deals with the enhancement of the PMU state etimator model with PMU mesurements. It will be also given up to date overview of the WAM system in Croatia.
Simulation results
The simulation was carried out on small power system grid (only five nodes -four PMU measurement and 4 transmission lines). It was assumed that traditional SCADA measurement is missing from node Ernestinovo and should be calculated. Calculation was made by using traditional state estimation with constant line parameters of all transmission lines and with on-line calculated transmission line parameters (where possible). Following figures shows the simulation results. By using constant transmission line parameters calculated voltage at node Ernestinovo is 416 kV and calculation the same voltage using on-line transmission line parameters gives 423 kV. The difference between results from two calculation approaches is slightly above 1,5 %. It is assumed that new hybrid state estimation will give higher accuracy by implementing on power system grid with more transmission lines and PMU nodes.
CONCLUSION
This paper has considered hybrid model using synchronized phasor measurements as additional data in traditional state estimator software in modern EMS. Based on measurements it was concluded that impedance and admittance can vary (during one year) more than 10% of nominal value rated by vendor. Developed hybrid model propose on-line calculation of transmission line parametersimpedance and admittance based on PMU measurements from both side of transmission line. On-line calculated transmission line parameters are input data for traditional state estimator. Hybrid model was tested on Croatian 400 kV power system. Simulation shows that difference between traditional state estimation calculation and results obtained by proposed hybrid model is significant. Proposed method is applicable if accurate synchronized measurements from specific nodes are provided.
